r a n t s d i r e c t s de I B 16 mA s o n t Q t u d i 6 e s . Le modble adoptQ pour d g c r i r e l ' e f f e t dans ce rQgime c o n s i s t e B a p p l i q u e r l a t h 6 o r i e des p e r t u r b a t i o n s aux p r i n c i p a l e s 6quations de t a u x q u i d s c r i v e n t l a dQcharge. Les prQdict i o n s du modSle s o n t en accord avec l e s mesures expgrimentales. Les dens i t 6 e s a b s o l u e s des atomes e x c i t 6 s s u r l e s niveaux Zp53s s o n t a u s s i r a p p o r t g e s . Le rQgime Q t u d i 6 couvre l e passage d'une dQcharge soutenue principalement p a r i o n i s a t i o n d'impact Q l e c t r o n i q u e B un Q t a g e 2 c e l l e d'une d6charge soutenue p a r i o n i s a t i o n B deux Stages v i a l e s niveaux m@tas-t a b l e s 2~5 3 s . Pour t o u t e s l e s p r e s s i o n s e t pour t o u s l e s c o u r a n t Q t u d i Q s , l e b i l a n g l o b a l d e l a p u i s s a n c e de l a d6charge e s t doming p a r l e s p e r t e s s u r l e s p a r o i s des atomes e x c i t Q s s u r l e s niveaux 2p53s.
A b s t r a c t -An experimental and t h e o r e t i c a l i n v e s t i g a t i o n o f t h e 594.5 nm o p t o g a l v a n i c e f f e c t i n t h e Ne p o s i t i v e column i s d e s c r i b e d .
The e f f e c t i s a d e c r e a s e i n d i s c h a r g e conductance due t o a l a s e r induced d e p l e t i o n o f m e t a s t a b l e atoms. Absolute measurements o f t h e e f f e c t per u n i t o f absorbed l a s e r power a r e r e p o r t e d f o r a wide range of d i s c h a r g e c o n d i t i o n s .
P o s i t i v e column d i s c h a r g e s w i t h r a d i u s -p r e s s u r e p r o d u c t s o f 0 . 1 cm-Torr t o 1.0 cm-Torr and w i t h s u s t a i n i n g d i r e c t c u r r e n t s o f 1 t o 16 mA a r e s t u d i e d . The e f f e c t i s modeled i n t h i s regime by applying p e r t u r b a t i o n t h e o r y t o key r a t e e q u a t i o n s t h a t d e s c r i b e t h e d i s c h a r g e . The model p r e d i c t i o n s a r e i n agreement w i t h t h experimental measurements. Absolute d e n s i t i e s o f atoms f e x c i t e d t o t h e 2p 3s l e v e l s a r e a l s o r e p o r t e d . The s t u d i e d regime c o v e r s t h e t r a n s i t i o n from a d i s c h a r g e s u s t a i n e d p r i m a r i l y by s i n g l e -s t e p e l e c t r o n impact i o n ' z a t i o n t o a d i s c h a r g e s u s t a i n e d p r i m a r i l y by two-step i o n i z a t i o n
$ v i a t h e 2p 3s m e t a s t a b l e l e v e l s . The g l o b a l power b a l nce o f t h e d i s c h a r g e e i s dominated by w a l l l o s s e s o f atoms e x c i t e d t o t h e 2p 3s l e v e l s a t a l l p r e s s u r e s and c u r r e n t s s t u d i e d .
I -INTRODUCTION
Optogalvanic e f f e c t s a r e used a s a d t e c t i o n method i n many t y p e s 3 f spectroscopy, i n c l u d i n g Dop l e r -f r e e spectroscopy .' l e v e l -c r o s s i n g spectroscopy. double-resonance spectroscopy,' and o t h e r novel t y p e s of s p e c t r o s c o p y r e p o r t e d a t t h i s conference. Optogalvanic e f f e c t s a l s o have g r e a t p o t e n t i a l a s a d i s c h a r g e d i a g n o s t i c . T h i s p o t e n t i a l h a s n o t been f u l l y e x p l o i t e d because our understanding o f t h e s e e f f e c t s i s a t an e a r l y s t a g e o f development.
The r e l a t i v e o r a b s o l u t e magnitude o f o p t o g a l v a n i c e f f e c t s , t h e temporal c h a r a c t e r i s t i c s o f t r a n s i e n t e f f e c t s , and t h e dependence of v a r i o u s p r o p e r t i e s of t h e e f f e c t s on d i s c h a r g e parameters c o n t a i n a wealth o f Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983704 information on a d i s c h a r g e . The i n f o r m a t i o n i s a v a i l a b l e i f one can i n t e r p r e t t h e o p t o g a l v a n i c e f f e c t s . We a r e s t u d y i n g c e r t a i n c a r e f u l l y chosen o p t o g a l v a n i c e f f e c t s i n o r d e r t o develop a d e t a i l e d q u a n t i t a t i v e understanding o f t h e s e e f f e c t s a t t h e r a t e e q u a t i o n l e v e l .
The s t u d y d e s c r i b e d h e r e i n i s on t h e 594.5 nm e f f e c t i n t h e Ne p o s i t i v e column. T h i s e f f e c t i s a d e c r e a s e i n d i s c h a r g e conductance due t o a l a s e r induced d e p l e t i o n o f m e t a s t a b l e atoms. We hope t o develop i n s i g h t and t h e o r e t i c a l approaches by s t u d y i n g r e l a t i v e l y simple e f f e c t s i n moderately w e l l understood d i s c h a r g e s , t h a t w i l l e n a b l e u s t o more f u l l y e x p l o i t t h e o p t o g a l v a n i c e f f e c t a s a d i s c h a r g e d i a g n o s t i c . W e a l s o have a g o a l o f applying o p t o g a l v a n i c e f f e c t s i n a l a s e r c o n t r o l l e d pulsed-power switch. The o b s e r v a t i o n t h a t o p t o g a l v a n i c e f f e c t s can be o f e i t h e r s i g n i s v e r y important. It i n d i c a t e s t h a t it may be p o s s i b l e t o b u i l d an opening s w i t c h i n which a l a s e r e x t i n g u i s h e s a g a s d i s c h a r g e . A r e p e t i t i v e opening s w i t c h would be enormously u s e f u l i n pulsed-power technology, because it would make p o s s i b l e t h e u s e o f i n d u c t i v e energy s t o r a g e i n many pulsed-power systems.
I1 -THEORY
A understanding of t h e a b s o l u t e magnitude o f an o p t o g a l v a n i c e f f e c t i s p o s s i b l e o n l y i f one h a s a reasonably complete model o f t h e d i s c h a r g e . One cannot r e a l i s t i c a l l y hope t o i n c l u d e i n a model e v e r y mechanism o f a d i s c h a r g e . Although very powerful computers a r e c a p a b l e o f i t e r a t i v e l y s o l v i n g t h e Boltzmann e q u a t i o n and a s e t o f coupled r a t e e q u a t i o n s , one r a r e l y f i n d s t h a t a s u f f i c i e n t number o f c r o s s s e c t i o n s a r e known t o j u s t i f y t h e most fundamental approach. W e model t h e Ne p o s i t i v e column w i t h coupled r a t e e q u a t i o n s , and model an o p t o g a l v a n i c e f f e c t by applying p e r t u r b a t i o n t h e o r y t o t h e coupled equation^.^ A key assumption i n o u r approach is t h a t t h e e l e c t r o n energy d i s t r i b u t i o n f u n c t i o n i s determined by E/N ( t h e a x i a l e l e c t r i c f i e l d d i v i d e d by t h e ground s t a t e atom d e n s i t y ) . We n e g l e c t t h e e f f e c t of s u p e r e l a s t i c e l e c t r o n c o l l i s i o n s i n v o l v i n g e x c i t e d atoms on t h e e l e c t r o n d i s t r i b u t i o n f u n c t i o n .
T h i s assumption should be u s e f u l i n d i f f u s e d i s c h a r g e s f a r from l o c a l thermodynamic e q u i l i b r i u m . E l e c t r o n impact e x c i t a t i o n and i o n i z a t i o n r a t e s a r e d e s c r i b e d a s f u n c t i o n s o f E/N. The l a s e r induced changes i n t h e d i s t r i b u t i o n f u n c t i o n , and i n e x c i t a t i o n and i o n i z a t i o n r a t e s a r e d e s c r i b e d i n terms o f a change i n E/N. The s t r o n g e s t j u s t i f i c a t i o n f o r t h i s approximation i s t h a t it i s s u c c e s s f u l n o t o n l y i n t h e model o f t h e o p t o g a l v a n i c e f f e c t . b u t a l s o i n d e s c r i b i n g t h e i o n i z a t i o n b a l a n c e and energy balance o f t h e d i s c h a r g e .
I n t h e following paragraphs we f i r s t d e s c r i b e t h e dominant p r o c e s s e s i n t h e Ne p o s i t i v e column, t h e n f o r m u l a t e t h e b a l a n c e e q u a t i o n s t h a t d e s c r i b e d t h e d i s c h a r g e , and f i n a l l y apply p e r t u r b a t i o n t h e o r y t o d e s c r i b e t h e o p t o g a l v a n i c e f f e c t .
We s t u d y a Ne p o s i t i v e column d i s c h a r g e w i t h a r a d i u s of 0.1 cm, p r e s s u r e s o f 1 t o 10 T o r r , and s u s t a i n i n g d i r e c t c u r r e n t s o f 1 t o 16 mA. Ion-electron p a i r s i n t h i s d i s c h a r g e a r e l o s t p r i m a r i l y by d i f f u s i o n t o t h e w a l l ; recombination i n t h e bulk o f t h e d i s c h a r g e i s n e g l e c t e d .
Ion-electron p a i r s a r e produced by s i n g l e -s t e p and m u l t i s t e p processes. b o t h of which a r e included i n t h e model. The most important m u l t i s t e p p r o c e s s e s i n v o l v e t h e long l i v e d , low l y i n g m e t a s t a b l e l e v e l s o f Ne. The d e n s i t y o f t h e s e 2p53s m e t a s t a b l e atoms i s measured t o be a s much a s a f a c t o r o f 100 l a r g e r t h a n t h e e l e c t r o n d e n s i t y . The model o f t h e d i s c h a r g e c o n s i s t s o f a b a l a n c e e q u a t i o n f o r m e t a s t a b l e atoms, a b a l a n c e e q u a t i o n f o r e l e c t r o n s , and a d i r e c t c u r r e n t e q u a t i o n .
The lowest e x c i t e d l e v e l s i n Ne a r e t h e l s 5 3~ . 1 s 3~1 , I s 3 3~o , and I s P 1 l e v e l s of t h e 2p53s c o n f i g u r a t i o n . The l s 5 an$ ' l e v e l s a r e t r u e m e t a s f a b l e l e v e l s , whereas t h e Is,, i s n o t a pure m e t s s t a b l e l g ? l l e v e l due t o a s l i g h t t r i p l e t -s i n g l e t mixing. Radiation from t h e I s 4 and I s l e v e l s is s t r o n g l y trapped i n t h e d i s c h a r g e . For purposes o f t h e model t h e I s ?sq. and I s l e v e l s a r e 5' lumped t o g e t h e r a s a s i n g l e m e t a s t a b l e l e v e l a s indicated i n ~i g .~l .
We u s e t h i s s i m p l i f i c a t i o n because: ( 1 ) t h e decay r a t e s o f t h e I s 5 and I s 3 l e v e l s due t o d i f f u s i o n t o t h e w a l l and t h e I s 4 l e v e l due t o escape o f t r a p p e d r a d i a t i o n a r e s u b s t a n t i a l l y s m a l l e r t h a n t h e decay r a t e o f t h e I s l e v e l d e t o e s c a p e o f trapped r a d i a t i o n ; ( I ) t h e Is5. I s q and I s l e v e l a r e a l l p a i m a r i l y ' P i n c h a r a c t e r and l i k e l y t o b e s t r o n g l y coupled by e?ectron c o l l i s i o n s . We assume t h a t t h e escape of Pressure (Torr) ls4, and l s g l e v e l s a r e lumped t o g e t h e r of t h e f o u r l e v e l s i n t h e 2p53s cona s a s i n g l e metastable ~s (~P ) l e v e l . The f i g u r a t i o n a s a f u n c t i o n of p r e s s u r e . i l l u s t r a t e d processes a r e discussed i n t h e The decay r a t e s of t h e I s 2 and ls4 t e x t . l e v e l s a r e determined using r a d i a t i o n trapping c a l c u l a t i o n s . The decay r a t e of t h e ls5 and Is3 l e v e l s i s determined with a measured d i f f u s i o n c o e f f i c i e n t . W i s t h e average decay r a t e of t h e ls5, l s q , and Is3 l e v e l s weighted according t o t h e s t a t i s t i c a l weights of t h e l e v e l s . Table 1 Values f o r t h e metastable-metastable r a t e c o e f f i c i e n t T, t h e e l e c t r o n impact i o n i z a t i o n r a t e c o e f f i c i e n t S , t h e e l e c t r o n impact e x c i t a t i o n r a t e coe f f i c i e n t S ' , and t h e ambipolar d i f f u s i o n l o s s r a t e D , ( 2 . 4 /~)~.
T kTe S S' ~~( 2 . 4 1~) ' p r e s s u r e 3 ( t o r r )
( 1 0 -~ cm /sec) (ev) (IO-' cm3/sec) ( 1 0 -~ cm3/sec) (1o6 sec-') trapped r a d i a t i o n i s t h e dominant decay p r o c e s s f o r t h e 1 s 'p l e v e l which i m p l i e s 2 1 t h e l e v e l does n o t p l a y an important r o l e i n m u l t i s t e p i o n l z a t l o n . Consequently, we do n o t i n t r o d u c e a s e p a r a t e balance e q u a t i o n f o r t h i s l e v e l .
dM . The r a t e of change o f t h e m e t a s t a b l e d e n s i t y , -, 1s t h e production r a t e per u n i i M volume minus t h e d e s t r u c t i o n r a t e per u n i t voldlke. We r e p r e s e n t t h e d e r i v a t i v ew i t h H , which i s a f u n c t i o n o f t h e s p a t i a l l y averaged e l e c t r o n d e n s i t y n , t h e d t s p a t i a l l y averaged m e t a s t a b l e d e n s i t y M , and t h e a x i a l e l e c t r i c f i e l d i n t h e column E. Production i s balanced by l o s s i n s t e a d y s t a t e , hence dM 2
The production r a t e c o n s t a n t P r e p r e s e n t s b o t h d i r e c t e l e c t r o n impact e x c i t a t i o n o f m e t a s t a b l e s and i n d i r e c t p r o c e s s e s i n v o l v i n g e l e c t r o n impact e x c i t a t i o n o f h i g h e r l e v e l s followed by r a d i a t i v e decay t o t h e m e t a s t a b l e l e v e l . The r a t e c o n s t a n t P i s a s t r o n g f u n c t i o n o f E/N. A t low c u r r e n t s w a l l l o s s e s o f t h e m e t a s t a b l e s a t a r a t e W a r e dominant. The r a t e W i s a weighted average o f t h e l o s s r a t e o f 1s 
In t h e r e g i o n o f 1 Torr t h e l i n e shape i s dominated by Doppler broadening. However, a t 10 Torr a p r e s s u r e broadened l i n e shape p r e v a i l s . S i n c e t h e t h e o r y y i e l d s two e x p r e s s i o n s f o r t h e trapped decay r a t e (one f o r Doppler broadened l i n e s and one f o r p r e s s u r e broadened l i n e s ) i t i s n e c e s s a r y t o e x t r a p o l a t e between t h e s e two r e g i o n s . The decay r a t e f o r t h e l s 4 l e v e l i s determined by summing t h e Doppler broadened trapped decay r a t e and t h e p r e s s u r e broadened trapped decay r a t e . The c u r v e l a b e l e d W i n F i g . 2 r e p r e s e n t s t h e average w a l l l o s s r a t e o f m e t a s t a b l e s weighted according t o t h e degeneracy o f t h e ls5. 1 s , and 1s l e v e l s . The much l a r g e r decay r a t e o f t h e 3 I s 2 'pl l e v e l due t o escape 02 trapped r a d i a t i o n i s a l s o i n d i c a t e d i n F i g . 2. The l i n e shape f o r t h e 1 s l e v e l i n t h e e n t i r e p r e s s u r e range i s dominated by p r e s s u r e broadening, t h u s t h e i e c a y r a t e i s c a l c u l a t e d without complications.
The r a t e c o n s t a n t T r e p r e s e n t s c o l l i s i o n s between p a i r s o f m e t a s t a b l e atoms. Such c o l l i s i o n s a r e extremely l i k e l y t o r e s u l t i n i o n i z a t i o n because t h e p a i r o f m e t a s t a b l e s c o n t a i n 32 eV o f e l e c t r o n i c energy. The c r o s s s e c t i o n f o r metastable-metastable c o l l i s i o n s i n Ne h a s been e s t i m a t e d , it i s appr ximately t h e same a s t h e c r o s s s e c t i o n f o r metastable-metastable c o l l i s i o n s i n He.' The r a t e c o n s t a n t S ' r e p r e s e n t s e l e c t r o n impact i o n i z a t i o n o f m e t a s t a b l e atoms. The c o s s s e c t i o n f o r e l e c t r o n impact i o n i z a t i o n o f i s 5 m e t a s t a b l e s h a s been measured.' The r a t e c o n s t a
n t S i s computed u s i n g t h e measured c r o s s s e c t i o n and a Maxwellian e l e c t r o n energy d i s t r i b u t i o n a t an e l e c t r o n temperature determined by Dote and Ichikawa. We t r u n c a t e t h e i n t e g r a l above 20 eV because t h e Maxwellian d i s t r i b u t i o n o v e r e s t i m a t e s t h e number o f h i g h energy e l e c t r o n s . The energy t h r e s h o l d f o r e l e c t r o n impact i o n i z a t i o n o f m e t a s t a b l e s i s low ("5 eV), hence t h e r a t e c o n s t a n t S is n o t very s e n s i t i v e t o t h e assumed e l e c t r o n d i s t r i b u t i o n o r temperature.
The r a t e c o n s t a n t S 1 r e p r e s e n t s e l e c t r o n impact e x c i t a t i o n from t h e m e t a s t a b l e l e v e l t o t h e 2pn l e v e l s of t h e 2p53p c o n f i g u r a t i o n . The 2pn l e v e l s deca 5 Fig. 1 .
by r a d i a t i o n t o t h e I s n l e v e l s ( T " 20 n s e c ) . An atom e x c i t e d t o t h e 2p 3p c o n f i g u r a t i o n h a s a p r o b a b i l i t y o f 3/4 o f r e t u r n i n g t o our "lumped" m e t a s t a b l e l e v p l , and a p r o b a b i l i t y o f 1/4 of r a d i a t i n g t o t h e I s 2 ' p l l e v e l and hence t o t h e ground s t a t e . The r a t e c o n s t a n t S 1 / 4 r e p r e s e n t e l e c t r o n impact d e s t r u c t i o n of m e t a s t a b l e s w i t h no produc on o f i o n s . The r a t e c o n s t a n t S ' i s e s t i m a t e d t o be 10 t i m e s t h e r a t e c o n s t a n t S . I b T h i s estima e i s supported by t h e w e l l known c r o s s 8 . .

s e c t i o n f o r e x y f t a t i o n of Na from t h e 2p 3 s configuration t o t h e 2p 3p c o n f i g u r a t i o n . Table 1 i n c l u d e s v a l u e s f o r T, S , and S' f o r each p r e s s u r e . The v a l u e s f o r T, S , and S ' i n Table 1 i n c l u d e an enhancement f a c t o r o f 1.43 t o c o r r e c t f o r t h e s p a t i a l d i s t r i b u t i o n o f e l e c t r o n s and m e t a s t a b l e s . The f a c t o r i s t h e r a t i o o f t h e average o f t h e s q u a r e o f t h e l o w e s t d i f f u s i o n mode over t h e s q u a r e o f t h e average. A l l o f t h e p r o c e s s e s included i n t h e m e t a s t a b l e balance e q u a t i o n a r e i n d i c a t e d i n
dn . Table 1. 13 The
The r a t e o f change of t h e e l e c t r o n d e n s i t y , -i s r e p r e s e n t e d w i t h G
t h i r d e q u a t i o n n e c e s s a r y t o model t h e d i s c h a r g e i s t h e d i r e c t c u r r e n t e q u a t i o n
The e l e c t r o n s i n t h e p o s i t i v e column c a r r y most o f t h e a x i a l c u r r e n t because o f t h e i r l a r g e r d r i f t v e l o c i t y . Equations 1, 2 , and 3 can i n p r i n c i p l e determine unique v a l u e s o f t h e independent v a r i a b l e s n , M, and E i f t h e c u r r e n t , i , i s f i x e d by an e x t e r n a l c i r c u i t .
The 594.5 nm o p t o g a l v a n i c e f f e c t s t u d i e d i n t h i s work corresponds t o e x c i t a t i o n o f atoms from t h e I s 5 3~2 l e v e l t o t h e 2p4 l e v e l . A t s i n t h e 2p4 l e v e l r a d i a t e w i t h a 19 nsec l i f e t i m e t o t h e 1s . I s 4 and I s 2 levels." m e branching r a t i o , 8 , f o r decay t o t h e I s 2 l e v e l i s 0.24: it r e p r e s e n t s t h e p r o b a b i l i t y o f d e s t r o y i n g a m e t a s t a b l e upon a b s o r p t i o n o f a l a s e r photon. The branching r a t i o i s s l i g h t l y l e s s
a t 10 Torr 9~ t o t r a n s f e r o f e x c i t a t i o n among 2pn l e v e l s by n e u t r a l atom c o l l i s i o n s .
The p e r t u r b e d balance e q u a t i o n s a r e and where Q i s t h e number of photons absorbed per u n i t t i m e per u n i t volume. The perturbed c u r r e n t e q u a t i o n i s ( 4 ) through ( 7 ) c o n s t i t u t e a system of l i n e a r e q u a t i o n s i n A i , AE, An and AM which a r e solved t o y i e l d
a E The p e r t u r b a t i o n t o t h e c u r r e n t d i and t h e a x i a l e l e c t r i c f i e l d A E a r e r e l a t e d by t h e e q u a t i o n where R i s t h e l e n g t h o f t h e column and Z i s t h e b a l l a s t r e s i s t o r . Equations
We have omitted f o r b r e v i t y a s t e p i n which t h e e m p i r i c a l dynamic r e s i s t a n c e dv/di i s
s u b s t i t u t e d t o e l i m i n a t e t h e p a r t i a l d e r i v a t i v e s o f r a t e e q u a t i o n s w i t h r e s p e c t t o E .~*~~ P a r t i a l d e r i v a t i v e s w i t h r e s p e c t t o E a r e d i f f i c u l t t o e v a l u a t e u s i n g d a t a from t h e l i t e r a t u r e .
-EXPERIMENT
The experimental c o n f i g u r a t i o n we use t o measure o p t o g a l v a n i c e f f e c t s i n t h e Ne p o s i t i v e column i s~i n d i c a t e d i n F i g u r e 3. An a c t i v e l y s t a b i l i z e d s i n g l e frequency dye l a s e r , tuned t o t h e 594.5 nm t r a n s i t i o n , i s mechanically chopped a t 90 Hz and passed through t h e d i s c h a r g e t u b e . The r e g i o n o f t h e d i s c h a r g e t u b e which s e r v e s a s a p o s i t i v e column h a s a l e n g t h o f 13.5 cm and a r a d i u s o f 0.1 cm. The d i s c h a r g e t u b e h a s a Ne s i g n cathode and a Tungsten p i n anode which a r e o f f s e t from t h e column a x i s . The t u b e i s cleaned by an extended bake o u t and by r e p e a t e d l y running a high c u r r e n t Ne d i s c h a r g e followed by e v a c u a t i o n o f t h e t u b e . U l t r a h i g h p u r i t y The m e t a s t a b l e d e n s i t y i s measured using an a b s o r p t i o n technique. T r a n s i t i o n s from t h e Isn l e v e l s a r e o p t i c a l l y v e r y t h i c k along t h e a x i s of t h e t u b e , hence we p a s s t h e l a s e r beam a c r o s s t h e diameter o f t h e tube. The l a s e r power i s reduced t o t h e p W l e v e l t o prevent s a t u r a t i o n o f t h e sample and t h e d e t e c t o r . A photo d i o d e d e t e c t s t h e t r a n s m i t t e d beam a s t h e l a s e r i s scanned a c r o s s a 10 GHz frequency range. Data f o r t h e I s 5 3~2 , I s 4 3~1 . and I s 'p a t 2.0 Torr a r e p l o t t e d .
F i g u r e s 4 ( a ) . Data f o r o t h e r p r e s s u r e s w i l l $e r e p o r t e d i n a l a t e r p a p e r . l b n I t i s assumed t h a t t h e 1s 3p d e n s i t y i s 0.2 t i m e s t h e l s 5 d e n s i t y . The s a t u r a t i o n o f t h e I s and I s 4 den2iti:s i s n o t due t o s u p e r e l a s t i c e l e c t r o n c o l l i s i o n s r e t u r n i n g atoms 20 t h e ground s t a t e . b u t r a t h e r t o i o n i z i n g c o l l i s i o n s a s d e s c r i b e d e a r l i e r .
S u p e r e l a s t i c e l e c t r o n c o l l i s i o n s a r e unimportant because M/N, t h e m e t a s t a b l e d e n s i t y divided by t h e ground s t a t e d e n s i t y . i s f a r l e s s t h a n t h e Boltzman f a c t o r determined from t h e e l e c t r o n temperature.
The observed d e n s i t i e s o f atoms i n t h e I s and I s 4 l e v e l s s u p p o r t our approximation o f t r e a t i n g t h e s e l e v e l s a s a lumped mezastable l e v e l . The d e n s i t i e s o f atoms i n t h e I s 5 and I s l e v e l s s a t u r a t e i n a 4. s i m i l a r f a s h i o n , and a r e roughly p r o p o r t i o n a l t o t h e statistical weight o f t h e l e v e l . Our d a t a i n d i c a t e s t h a t a t a l l p r e s s u r e s t h e I s 2 d e n s i t y i s s i g n i f i c a n t l y l e s s than t h e sum of t h e d e n s i t i e s o f t h e I s 5 , l s 4 , and 1s l e v e l s which comprise t h e m e t a s t a b l e l e v e l . Furthermore, t h e r e i s much l e s s e v i a e n c e o f s a t u r a t i o n o f t h e I s d e n s i t y w i t h i n c r e a s i n g c u r r e n t . These o b s e r v a t i o n s s u p p o r t t h e 2 a p p r o x~m a t i o n t h a t atoms i n t h e I s 2 l e v e l decay p r i m a r i l y through t h e e s c a p e o f r e s o n a n t r a d i a t i o n . The dynamic r e s i s t a n c e i s determined by measuring t h e power supply r i p p l e on t h e t u b e v o l t a g e and c u r r e n t u s i n g t h e lock-in a m p l i f i e r . F i g u r e 4 ( b ) i s a p l o t o f t h e dynamic r e s i s t a n c e v e r s u s c u r r e n t a t 2.0 Torr. The l a r g e n e g a t i v e dynamic r e s i s t a n c e is due t o t h e p o s i t i v e column r e g i o n . The v o l t a g e drop i n t h e cathode r e g i o n is r e l a t i v e l y independent o f c u r r e n t . Plasma probes a t t h e ends o f t h e p o s i t i v e column r e g i o n a r e used t o determine t h e v o l t a g e a c r o s s t h e column. The v o l t a g e a c r o s s t h e 13.5 cm long column a t 6 mA c u r r e n t i s 350, 345, 325 and 330 v o l t s f o r p r e s s u r e s o f 1.0, 2.0, 5.0, and 10.0 Torr r e s p e c t i v e l y .
The t o t a l v o l t a g e a c r o s s t h e d i s c h a r g e t u b e i s s u b s t a n t i a l l y l a r g e r due t o t h e cathode f a l l .
The e l e c t r o n d e n s i t y i s determined from t h e measured t u b e c u r r e n t u s i n g an e l e c t r o n d r i f t v e l o c i t y t a b u l a t e d f o r each v a l u e o f E/N. l 2 The e l e c t r o n d e n s i t y a s a f u n c t i o n of c u r r e n t i s a l s o p l o t t e d i n F i g u r e 4 ( a ) .
I V -COMPARISON EXPERIMENT AND MODEL
W e c h a r a c t e r i z e t h e s t r e n g t h o f t h e o p t o g a l v a n i c e f f e c t w i t h a d i m e n s i o n l e s s r a t i o formed by d i v i d i n g t h e change i n power d e l i v e r e d t o t h e b a l l a s t r e s i s t a n c e by t h e absorbed l a s e r power.
I n terms of t h e model parameters t h i s r a t i o i s given by 
Current (mA)
F i g . 5 -The 594.5 nm o p t o g a l v a n i c e f f e c t i n Ne a s a f u n c t i o n of c u r r e n t f o r 1.0, 2.0, 5.0, and 10.0 T o r r . The optog a l v a n i c e f f e c t i s t h e change i n power d e l i v e r e d t o t h e b a l l a s t r e s i s t a n c e d i v i d e d by t h e absorbed l a s e r power. The s o l i d l i n e r e p r e s e n t s t h e c a l c u l a t e d v a l u e s of t h e o p t o g a l v a n i c e f f e c t u s i n g t h e model d e s c r i b e d i n t h e t e x t . The c r o s s e s i n d i c a t e t h e measured v a l u e s of t h e o p t o g a l v a n i c e f f e c t .
p.2.0 Torr
Current (rnA) Current (m A) Fig. 4 -( a ) P l o t of s p a t i a l l y averaged Ne e x c i t e d atom d e n s i t i e s and t h e s p a t i a l l y averaged e l e c t r o n d e n s i t y a s a f u n c t i o n of c u r r e n t a t 2.0 T o r r . The c i r c l e s i nd i c a t e t h e measured e x c i t e d s t a t e d e n s i t i e s f o r t h e ls5, l s 4 , and I s 2 l e v e l s . The c r o s s e s r e p r e s e n t t h e e l e c t r o n d e n s i t y .
(b) The measured dynamic r e s i s t a n c e of t h e Ne d i s c h a r g e a s a f u n c t i o n of c u r r e n t a t 2.0 T o r r . where hv i s t h e e n e r g y o f an a b s o r b e d photon. The e x p r e s s i o n i s i n d e p e n d e n t o f Z f o r l a r g e Z, and i s i n d e p e n d e n t of n o n e s s e n t i a l g e o m e t r i c a l f a c t o r s s u c h a s L.
Thus, we c a n compare o p t o g a l v a n i c e f f e c t s i n d i f f e r e n t d i s c h a r g e s .
Experimental measurements and model c a l c u l a t i o n s o f t h e o p t o g a l v a n i c e f f e c t a s a f u n c t i o n o f c u r r e n t a r e p r e s e n t e d i n F i g u r e 5 f o r t h e v a r i o u s p r e s s u r e s s t u d i e d . The model c a l c u l a t i o n s were performed u s i n g t h e d a t a i n T a b l e 1 , t h e computed v a l u e s o f W i n F i g . 2, and e m p i r i c a l v a l u e s f o r n , M. and d v / d i .
The u n c e r t a i n t i e s i n t h e model r e s u l t s a r e between 20% and 24% d u e t o s c a t t e r i n t h e measured p a r a m e t e r s M and d v / d i .
The u n c e r t a i n t i e s i n t h e measured v a l u e s o f t h e o p t o g a l v a n i c e f f e c t a r e between 9% and 15%. F i g u r e 5 i n d i c a t e s t h a t t h e e x p e r i m e n t a l l y measured v a l u e s o f t h e o p t o g a l v a n i c e f f e c t g e n e r a l l y a g r e e w i t h t h o s e c a l c u l a t e d u s i n g t h e model. The model b e g i n s t o f a i l a t h i g h c u r r e n t and 10.0 T o r r .
Mechanisms, s u c h a s r e c o m b i n a t i o n , which have n o t been i n c o r p o r a t e d i n t h e model a r e p r o b a b l y r e s p o n s i b l e f o r t h e f a i l u r e o f t h e model a t h i g h c u r r e n t and 10.0 T o r r .
A d d i t i o n a l i n s i g h t on t h e i m p o r t a n c e o f s i n g l e -s t e p i o n i z a t i o n v e r s u s two-step i o n i z a t i o n c a n b e g a i n e d by a $ l o s e e x a m i n a t i o n o f E q . 2. F i g . 6 c o n s i s t s o f p l o t s o f t h e r a t i o ( a v n)/CDa(2.4/R) n l v e r s u s c u r r e n t and t h e r a t i o (SnM + 
